This work investigates the effect of hydrostatic pressure on the excitation and emission spectra, as well as on the lifetime, of Al 2 O 3 :Ti 3+ at room temperature. The aim is to establish correlations between the pressure-induced band shifts and the corresponding local structural changes undergone by the TiO 6 complex. A blue-shift of 8.52 and 6.86 cm −1 kbar −1 was found for the lower (E 1 ) and upper (E 2 ) energy components of the excitation band at 17 760 and 20 500 cm −1 , respectively, and blue-shifts of 5.93 and 5.40 cm −1 kbar −1 for the two overlapping bands of the emission spectrum located at 12 680 and 14 210 cm −1 . We explain these results on the basis of a reduction of the TiO 6 Jahn-Teller distortion upon increasing the pressure. In contrast, the increase of the overall Stokes shift, which is mainly associated with electron-vibration coupling to the totally symmetric a 1g vibration, is explained by the increase of the excited-state stabilization energy, S a 1gh ω a 1g , with increasing pressure.
Introduction
Tunable near-infrared (NIR) solid-state laser materials are essential for technological applications in telecommunications, femtosecond spectroscopy, sensors, and medicine. The 448 S García-Revilla et al success of titanium-doped sapphire (Al 2 O 3 :Ti 3+ ) as a tunable solid-state laser in the red-NIR range was first demonstrated in 1982 [1] . The need for wide-range tunable lasers has motivated the search for new host lattices for Ti 3+ [2, 3] as well as for new ions capable of showing broadband NIR laser action. In fact, transition metal ions such as Ni 2+ , Cr 2+ , Cr 4+ , and Mn 5+ have been intensively investigated for such purposes [4] [5] [6] [7] . However, a proper understanding of the laser capability of these materials still requires an adequate microscopic characterization of the different spectroscopic contributions. In particular, the contributions to the emission and excitation Stokes shift are related to the electron-vibration couplings between the ground and excited states involved in the electronic transition, and the associated equilibrium geometries. The present paper deals with the investigation of these processes in Al 2 O 3 :Ti 3+ . Actually, Ti 3+ has the simplest electronic configuration (3d 1 ), outside the closed-shell ions, among transition metal (TM) ions. A first-order approximation of the electronic structure of Ti 3+ -doped sapphire can be made on the basis of the trigonal symmetry (nearly octahedral) of the substituting Al 3+ site [8, 9] . The 2 D electronic free-ion ground state splits into a doublet 2 E g excited state and a triplet 2 T 2g ground-state level in an octahedral crystal field. The only d-d 2 T 2g → 2 E g electronic transition is very sensitive to the crystal-field strength, 10Dq, yielding a broad band associated with the different equilibrium geometries of the electronic ground state and excited state, as a consequence of the linear electron-vibration coupling with the totally symmetric a 1g mode. In the configurational-coordinate model, the minimum of the 2 E g excited-state potential energy is shifted with respect to the potential energy of the 2 T 2g ground state towards larger Ti-O distances due to the strong electron-vibration coupling, resulting in a large Stokes shift. Nevertheless, the success of Ti 3+ for laser action is enhanced by the Jahn-Teller (JT) effect. The 2 E g and 2 T 2g electronic states are both orbitally degenerate. Thus there must be lowsymmetry structural distortions of the TiO 6 complex, leading to lower-energy configurations (JT theorem [10, 11] ). This effect, which is clearly evidenced by the double-humped structure exhibited by the absorption and luminescence bands, provides an additional contribution to the Stokes shift, thereby improving the four-level laser action of this material. This characteristic, shown as a broad absorption band, favours efficient pump excitation into the 2 E g excited state, as well as a broad emission band yielding a very broad laser tuning range (670-1100 nm). The small trigonal components of the crystal field in Al 2 O 3 :Ti 3+ partially lift the degeneracy of the 2 T 2g state (not that of the 2 E g state) [8, 9] , but do not play a significant role in the spectroscopic properties associated with the broad-band structure of this material. Interestingly, the total splitting of the ground state induced by the trigonal field and (mainly) the JT distortion is only a few hundreds of wavenumbers, whereas the splitting for the 2 E excited state into 2 A 1g and 2 B 1g (D 4h notation), which is mostly due to the strong E ⊗ e JT effect, amounts to 2740 cm −1 . The luminescence lifetime of Ti 3+ -doped oxide crystals is only a few microseconds [12] . As for most transition metal complexes, these lifetime values are characteristic of d-d crystalfield transitions involving electronic states of the same spin [13] . Although the basic properties of Ti 3+ -doped sapphire have been known for many years [8, 9, 14] , recent studies devoted to obtaining an understanding of both the pure radiative mechanisms and multiphonon relaxation phenomena, as well as the influence of the strong E ⊗ e JT effect on these processes [15, 16] , illustrate the relevance of this fundamental as well as applied material.
The aim of this work is to investigate the optical properties of Al 2 O 3 :Ti 3+ under pressure. In particular, attention is paid to the variation of the electron-vibration couplings related to the totally symmetric, a 1g , and the JT-active, e g , vibrational modes as a function of volume, i.e. Ti-O distance, R.
We have carried out excitation and luminescence measurements under hydrostatic pressure in the 0-110 kbar range. This aspect is crucial to elucidating the contribution of these two electron-vibration couplings as a function of the crystal volume. Previous spectroscopic works under pressure on Al 2 O 3 :Ti 3+ , which used optical absorption spectroscopy [17] and luminescence spectroscopy at low temperatures [18] , did not deal with these phenomena in conveniently hydrostatic conditions. In the latter case, the luminescence spectra were taken under non-hydrostatic conditions with significant axial stress. This aspect is important, since axial components can additionally enhance the low-symmetry distortion of the TiO 6 complex beyond the JT effect. In this work we present a complete study of the excitation and luminescence spectra of Al 2 O 3 :Ti 3+ under pressure. The results are interpreted in terms of a simple model based on the linear electron-vibration coupling by the a 1g vibrations as well as by the E ⊗ e JT effect. In this study we show that the application of hydrostatic pressure can improve the laser performance, as is reflected by the increase of the luminescence lifetime with pressure. In addition, it provides a continuous luminescence shift to higher energies, extending the potential tuning range to shorter wavelengths (about 30 nm in 100 kbar). We employed a JobinYvon U1000 double monochromator for dispersing the luminescence spectra at an excitation power of 30 mW. The excitation spectra were obtained by means of a photoluminescence set-up that was especially designed for detecting very weak luminescence signals. We used a tungsten lamp and an Acton Research Corporation SpectraPro-300i monochromator as excitation sources. The excitation light was focused onto the hydrostatic cavity through an Ealing 30× reflective objective. In order to improve the detection sensitivity (signal-to-noise ratio), the luminescence was passed through an Oriel interferential filter centred at 741 nm with a full width of 81 nm, using a Hamamatsu R4457P low-noise phototube and a Stanford Research SR400 photon counting system. This procedure provided suitable excitation spectra in the 400-700 nm range. The operation at long wavelengths was limited by the detection system. The luminescence from the Al 2 O 3 :Ti 3+ microcrystal investigated was 1000 photons s −1 at the band maximum. The luminescence and excitation spectra have been corrected for instrumental response. Pressure for the excitation and luminescence spectra was measured through the first-order Raman shift of silicon chips, peaked at 520 cm −1 at ambient pressure. This sensor avoids unwanted luminescence signals emerging from ruby chips, that can completely mask the broad-band excitation spectra of Al 2 O 3 :Ti 3+ . Initial calibration was accomplished on the single Si microcrystals employed in these experiments by use of the pressure scale of ruby (figure 1). We obtain a relation between the Raman shift (S R , cm −1 ) and pressure (P , kbar) of S R = 519.3 + 0.56P − 1.3 × 10 −3 P 2 . By fitting the pressure as a function of the Raman shift, we obtain an analogous equation: P = 1.51 + 1.70(S R − 520) + 0.014(S R − 520) 2 , which has been employed for pressure calibration. This provides a pressure sensitivity at P = 0 of 0.56 cm −1 kbar −1 which is slightly higher than the value of 0.54 cm −1 kbar −1 given in [19] . Nevertheless, a similar value is also obtained from the data of figure 1 if a linear fit is considered.
Experimental procedure
Rectangular excitation pulses for the lifetime experiments were generated by passing the laser beam through an acousto-optic modulator (Newport EOS-AOM) connected to a function generator (HP 3325 A Synthesizer). The luminescence signal was analysed with a digital scope (Tektronix 2430A). Figure 2 shows the luminescence and corresponding excitation spectra of 0.35 mol% Ti 3+ -doped Al 2 O 3 under ambient conditions. Each spectrum consists of a broad band exhibiting a R g R exc
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Normal coordinates: Note that the ground-state JT minimum (T 2 ⊗ e) corresponds to a compressed octahedron geometry (Q T θ < 0) while for the excited state (E ⊗ e) it corresponds to an elongated D 4h geometry (Q E θ < 0)
. (b) One-electron energy-level diagrams of the d levels in a tetragonal symmetry produced by the octahedral crystal field and the JT effect. The excitation and emission transitions are indicated by arrows. The splitting corresponds to the T 2 ⊗ e JT effect with an associated compressed geometry (Q T θ < 0, left), while it corresponds to the E ⊗ e JT effect in the 2 E g excited state with (Q E θ < 0, right). The greater splitting on the right is due to the greater coupling associated with 2 E g with respect to 2 T 2g .
double-humped structure. The band shape can be well described with two Gaussians peaked at 12 680 (E 3 ) and 14 210 cm −1 (E 4 ) for luminescence, and at 17 760 (E 1 ) and 20 500 cm −1 (E 2 ) for excitation (figure 2). The configurational-coordinate potential-energy diagrams for the octahedral 2 E g electronic ground state and the 2 T 2g electronic excited state coupled with the JT e g (Q θ , Q ε ) vibration is given in figure 3(a) . Similar diagrams were used in [15] for describing band shapes. The electronic transitions between the 2 E g and 2 T 2g parent octahedral states that are split by the JT distortion are indicated for excitation and luminescence in figure 3(b) . Note that the transition energy roughly represents the crystal-field splitting 10Dq, 2 T 2g → 2 E g , of the nearly octahedral TiO 6 complex formed. The double-humped structure observed in figure 2 is associated with axial distortions related to the JT effect of the 3d 1 configuration according to the energy-level diagram of figure 3(b) . Values of the crystal-field splitting 10Dq and the JT splitting for the 2 E g excited state in the equilibrium geometry of the 2 T 2g electronic ground state (distance R g ): g E (R g ) and for the 2 T 2g ground state in the equilibrium geometry of the 2 E g excited state (distance R exc ): [18] . The variation of the excitation and luminescence bands with hydrostatic pressure in the 0-110 kbar range is shown in figure 4 . The pressure range is limited by the hydrostaticity of the pressure-transmitting medium. Note that the low-energy limit of the excitation spectra (17 240 cm −1 ) is imposed by the detection system employed in the experiments (see the experimental section).
The variation of the corresponding transition energies with pressure is plotted in figure 5 . The four components depend linearly on pressure and exhibit pressure blue-shifts of: E 1 (P ) = 17 690 + 8.52P ; E 2 (P ) = 20 590 + 6.86P ; E 3 (P ) = 12 450 + 5.93P ; and E 4 (P ) = 13 670 + 5.40P , where P and E are expressed in kbar and cm −1 , respectively. The splittings for excitation and emission, respectively, that are associated with the JT effect and the trigonal crystal-field components are given by
Both splittings decrease upon increasing the pressure. This result is noteworthy since recent pressure investigations carried out on Cs 2 NaSrCl 6 :Cr 3+ [20, 21] showed that the JT energy for the 4 T 2g excited state decreases with increasing pressure, in agreement with our findings, where a clear decrease of the JT splitting is observed for both the excited and ground electronic states upon increasing pressure. On the other hand, the variation of the centroid of the bands, which provides the value of 10Dq directly, indicates that this parameter increases with increasing pressure at a rate of 7.7 cm −1 kbar −1 as expected for a reduction of the Ti 3+ -O 2− distance with pressure. However, this pressure dependence of 10Dq is smaller than the variation estimated on the basis of 10Dq ∝ R −5 g [22] . Taking into account that the sapphire bulk modulus is B 0 = 2510 kbar [23] , R g ≈ 1.9 Å, and 10Dq = 19 130 cm −1 , we obtain ∂10Dq ∂P
This value is somewhat higher than the experimental value, reflecting a smaller compressibility for the TiO 6 complex than for the AlO 6 octahedron host. The reason is that the size of the Ti 3+ ion is larger than that of the Al 3+ ion. This implies an already partly compressed octahedron in the locality of a Ti 3+ impurity within the Al 2 O 3 host and, hence, a smaller residual compressibility. The value obtained experimentally can be conciliated with an R-dependence of 10Dq ∝ R −5 if we assume that B local ≈ 4100 kbar. This result is similar to findings on Al 2 O 3 , MgO:Cr 3+ , and other related oxides, where the local bulk modulus of CrO 6 is estimated to be 26% higher than that of the host crystal [24] . Higher values were obtained by Zheng Figure 6 shows the variation of the luminescence lifetime with pressure. An increase of lifetime of 0.6 µs is observed when increasing the pressure from ambient pressure to 80 kbar. The dependence of τ on P is found to be linear with a rate of 5.86 × 10 −3 µs kbar −1 . This pressure enhancement of the lifetime potentially improves the laser capability of this material.
Discussion
As mentioned above, the emission and excitation spectra at ambient pressure and temperature of doped Al 2 O 3 :Ti 3+ can be explained on the basis of a simple octahedral TiO 6 complex, through linear electron-vibration couplings to the totally symmetric a 1g vibration and the JT e g (Q θ , Q ε ) vibrational mode. Although the vibration of the t 2g symmetry can also be coupled to the 2 T 2g electronic state, the influence of this coupling is expected to be much smaller than that of the coupling provided by e g vibrations [10] . The JT interaction in octahedral coordination for the 2 T 2g ground state is only a π -effect and hence rather weak, while it is much stronger for the 2 E g excited state, in view of the σ -character of that bonding. Figure 3 (a) depicts the potential energy for the 2 T 2g and 2 E g states as a function of the configuration coordinate Q θ (e g vibration). Within this diagram, two transitions are possible for excitation (E 1 and E 2 ) and for emission (E 3 and E 4 ). As already pointed out, this is clearly reflected in the optical spectra through the two-component band structure. It must be noted that this pattern applies for the so-called intermediate and strong JT coupling (S 1) independently of whether the JT regime is static or dynamic. The splitting between these two components provides direct access to the JT distortion of the complex in their respective electronic 2 E g (excitation) and 2 T 2g (emission) states. It is noteworthy that the JT splittings of the two bands are of the same order: This is an apparently puzzling feature, given that the linear electron-vibration coupling of 2 E g is stronger than that of 2 T 2g due to the σ -bonding character of the e g orbitals as compared to the π-bonding t 2g orbitals. The corresponding JT splittings, which are denoted by E and T in figure 3 , respectively, have been measured for the same coordination geometry as a function of Q θ for MnF 3− 6 complexes through the A n MnF n+3 (with n = 1, 2, 3) crystal series of compounds with different dimensionality [27] . Values of T = 10 200 Q θ and E = 41 000 Q θ (cm −1 Å −1 ) were obtained for the 5 B 1g ground-state equilibrium geometry through the Mn 3+ series, leading to a ratio E / T ≈ 4 [27] . The variation of the E splitting for Cu 2+ in CuCl 4− 6 , as obtained from a series of Cu chlorides, is E = 18 200 Q θ [28] . This value is approximately two times smaller than that for MnF 3− 6 . Apart from the different natures of the metal and ligand-forming complexes, this probably reflects the increase of the respective coupling constants with decreasing metal-ligand distances (complex volume) [27, 28] . For Ti 3+ , a band-shape analysis carried out by Jia et al [18] gives
) that is close to 4, in good agreement with the experimental ratio measured for the Mn 3+ fluoride series [27] . The band splitting observed in the excitation and luminescence spectra at ambient pressure can be interpreted on the assumption that g E ≈ 4 g T , taken together with the fact that the vibrational frequencies for excited and ground states depend on the complex volume as ∂ ln(ω)/∂ ln(V ) = −γ . Here, γ is the Grüneisen parameter, whose mean value is γ = 1.31 for Al 2 O 3 [23] .
Within a model of linear electron-vibration coupling between the 2 T 2g and 2 E g electronic states with vibrations of a 1g and e g symmetry (O h scheme), the four components of the emission and excitation transitions, shown in figure 3, can be written as
Here, K i = µω 2 i is the force constant for the e g vibration and ω i is the corresponding angular frequency with i = g and i = exc for the 2 E g and 2 T 2g electronic states, respectively. Using vibrational energies for the e g mode in TiO 6 ofhω T = 239 cm −1 (ground state) and hω E ≈ 200 cm −1 (excited state) [15] , we can explain why the splittings of the excitation and emission bands are similar, although the associated JT distortion for the excited state is higher than for the ground state, Q , and the vibrational frequencies, ω T and ω E , with pressure, as we will see below.
Before doing that, let us analyse the electron-vibrational coupling to the a 1g vibration and its influence on the optical spectra. The centroids of the emission and excitation bands are given, respectively, by E excitation = (E 1 + E 2 )/2 and E emission = (E 3 + 2E 4 )/3. The difference E SS = E excitation − E emission = 5430 cm −1 is directly related to the Stokes shift associated with the totally symmetric a 1g distortion (complex volume):
This expression is derived on the assumption that the vibrational frequencies, ω a 1g , for the ground and excited states are the same (linear approximation) and 10Dq is an order of magnitude higher than the JT splitting whose contribution to E SS is only about 28% (E SS = 1540 cm −1 . The parameter A a 1g represents the corresponding linear electronvibrational coupling:
where
i=1 R i is the totally symmetric normal coordinate, and R i = R i − R O i is the variation of the Ti-O i distance of the ith oxygen ligand with respect to the ground-state equilibrium geometry, R O i . K a 1g is the force constant, which is related to ω a 1g by ω
where µ is the oxygen mass. The Huang-Rhys parameter is S a 1g = A µ [27, 29] . This is a good approximation provided that the experimental variation between the groundand excited-state vibrational energies is (ω
0.1 for TM complexes [30] . In conclusion, the total contributions to the Stokes shift, E SS (a 1g ) = 2S a 1gh ω a 1g and E SS (e g ) ≡ ω g , can be measured as a function of the crystal volume by optical spectroscopy under pressure.
Figures 4 and 5 also clearly show that the JT splitting associated with the two electronic states decreases upon application of pressure, while the Stokes shift contribution for the a 1g vibration, E SS (a 1g ), increases. This is noteworthy, since no evidence of any increase of the Stokes shift with increasing pressure has been reported so far. In contrast, a decrease of the Stokes shift was observed upon volume reduction in MnF 4− 6 through the ABF 3 :Mn 2+ perovskite compound series [30, 31] , and in MnCl 4− 6 through the ABCl 3 :Mn 2+ series [32, 33] , whose chemical pressure effect provides metal-ligand distance variations of 0.27 Å (from CsCaF 3 to KMgF 3 ) and 0.33 Å (from SrCaCl 3 to KMgCl 3 ) through the series, respectively [31, 33] . A similar behaviour has also been observed in Cr 3+ -doped chloroelpasolites [34] [35] [36] . The opposite (or anomalous) behaviour of the Stokes shift upon increasing pressure observed in Al 2 O 3 :Ti 3+ , can be explained on the basis of the configurational diagrams of figure 3 (a). If we assume variations of the linear electron-vibration coupling with volume (or R) as
. Therefore the equilibrium geometry for the excited 2 E g state as a function of the Ti-O distance R g is given by R exc = R g + R, with R =
for n = 5 [22] . This estimate implies a reduction of R upon increasing the pressure provided that γ > 1, as is usually found for the totally symmetric mode in TM complexes [19, 37] . The contribution of this mode to the Stokes shift is then
Taking γ ≈ 1.31, we can explain why E SS (a 1g ) increases with increasing pressure (reduction of R g ), as observed in figure 5 .
Analogously, the variation of the JT splitting for the 2 E g and 2 T 2g states with R g can be deduced on the assumption that the linear electron-e g vibration coupling parameters show the proportionalities A
with n E < n T [38] . Theoretical calculations on the variation of A E 1 with the metal-ligand distances carried out on different JT complexes result in values of n E ≈ 4. This coincides with the point-charge crystal-field model value [39] . Then the JT splittings as functions of the ground-and the excited-state equilibrium geometries, R g and R exc , are given by
Provided that R exc = R g + R with R = 2.66 × 10 −26 (9.7 × 10 13 ) 2 = 0.16 Å R exc = 1.9 + R = 2.06 Å.
At ambient pressure, we use vibrational frequencies for the e g mode of 239 and 200 cm −1 for the ground and excited state, respectively. For the sake of simplicity, we use n T = n E = 4, and we find a relationship between their corresponding JT splittings from equation (6) : This value is in good agreement with the experimental ratio
T (R exc ) ≈ 1.8 at ambient pressure. This ratio equals 1.8 if we assume an empirical exponent n T = n E = 4.8. Therefore the smaller JT splitting observed in emission can be reasonably accounted for by the present model. However, the situation is rather different for the pressure dependencies of g E (P ) and exc T (P ) shown in figure 5 . The pressure variation of the former parameter is given by
where γ is the Grüneisen parameter associated with the local e g vibration.
Using the same values of n T = n E = 4, we conclude that a reduction of g E (R g ) with pressure is possible provided that γ > (n E + n T + 2)/6 = 1.7. Since we observe a decrease of g E and exc T with P , it seems likely that we can assume γ -values slightly higher than the critical value γ = 1.7. The relative variation of
It follows that
Here, we used the crystal bulk modulus instead of the local one, with the aim of scaling dependences of the JT coupling constants and the Grüneisen parameters to variations of the crystal volume, and not to local changes.
Using T (R exc ) splitting ratios at ambient pressure.
We interpret the pressure-induced enhancement of the lifetime as being related not to a modification of the Al 3+ host symmetry, but to a decrease of the transition oscillator strength owing to a blue-shift experienced by the intensity-enabling O 2− → Ti 3+ charge-transfer (CT) states. In fact, it is well known that the CT energy in O h complexes should increase upon increasing the pressure, as a consequence of the destabilization of the 3d levels due to a reduction of R g (the Ti-O distance) [28, 41] . A similar situation has recently been found in Mn 2+ -doped fluorites [42] . The parity-forbidden electric dipole transitions in TM complexes are released through coupling to odd-parity vibrations. Odd vibrations break down the centre of inversion, thus allowing coupling to CT states of odd parity. The oscillator strength enhancement by this mechanism is thermally activated. Within a perturbation scheme, the oscillator strength is proportional to | CT u |H odd−vib |E g | 2 /(E CT − E 0 ) 2 , where CT u represents the odd-symmetry-coupled CT state and H odd−vib = ∂V CT /∂Q odd is the corresponding linear electron-vibration coupling. Therefore, we are able to explain the pressure enhancement of the lifetime in terms of an increase of (E CT − E 0 ) 2 . The rise of the CT energy with pressure is due to an increase of the repulsion interaction of the ligand electrons induced by a reduction of the O −2 -Ti 3+ distance.
Concluding remarks
The present results confirm that the excitation and emission of Al 2 O 3 :Ti 3+ under pressure can be explained in terms of a simple model based on electron-vibration couplings to vibrations of a 1g and e g symmetries. The Stokes shift related to the a 1g mode, the JT splitting, and their variations with pressure are well described by this model, if pressure dependencies of the electron-vibration couplings A ∝ R −(n+1) with n ≈ 4-5 are assumed. The increase of the a 1g Stokes shift under pressure and the opposite dependence of the JT splitting on pressure are justified by assuming Grüneisen parameters γ < 2 for the a 1g vibration and γ > 1.7 for the JT e g vibration.
The application of pressure to Al 2 O 3 :Ti 3+ provides an increase of the Stokes shift and the lifetime, thus potentially improving the laser capability of this material.
